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A variety of behavioral deficits can result from stroke. In this issue of Neuron, Corbetta et al. (2015) report that
the deficits tend to cluster into just a few sets and are mostly associated with subcortical damage disrupting
inter-regional connectivity.Stroke is a leading cause of global
disability—in 2010, nearly 17 million peo-
ple worldwide experienced their first
stroke, while there were estimated to be
33 million survivors of stroke (Feigin
et al., 2014). There is a vast literature de-
tailing a veritable host of deficits resulting
from stroke (for a review, see Ferro et al.,
2010). Localization of the lesion based on
careful neurological assessment is still a
crucial part of the acute evaluation of
stroke patients for early diagnosis and
appropriate treatment, and it is also
important at later stages for planning
rehabilitative interventions (Sathian
et al., 2011). However, some of the
commonly held assumptions underlying
presumed correlations between partic-
ular lesion locations and the associated
behavioral deficits may be faulty. For
instance, an almost axiomatic idea in
behavioral neurology is the link between
damage to a part of the left inferior frontal
gyrus (Broca’s area) and a specific lan-
guage disorder known as Broca’s apha-
sia, characterized by difficulty in produc-
tion of language, as first described by
Broca in 1861. Yet, the tightness of this
link was called into question more than
three decades ago when it was shown
that the brain lesions in chronic Broca’s
aphasia extend far beyond the bounds
of the left inferior frontal gyrus (Mohr
et al., 1978). Indeed, a recent examina-
tion, using high-resolution magnetic reso-
nance imaging (MRI) of the brains of the
first two patients studied by Broca further
highlights problems with the classic, ‘‘hy-
permodular’’ interpretation (Dronkers
et al., 2007). These two patients had a
particularly severe form of Broca’s apha-sia. Their brains revealed damage that
involved a large part of the left hemi-
sphere, not restricted to the cerebral
cortical surface but extending deep into
the white matter; moreover, the affected
parts of the inferior frontal gyrus differed
somewhat between these patients and
were not entirely congruent with what is
currently regarded as Broca’s area.
Thus, the authors of this study concluded
that the extent of the damage and
involvement of underlying white matter
tracts, especially the superior longitudinal
fasciculus (SLF), contributed to the pro-
found language dysfunction experienced
by Broca’s first two patients (Dronkers
et al., 2007).
The importance of white matter dam-
age in mediating common behavioral
deficits after stroke is clearly demon-
strated in a report in this issue of Neuron
by Corbetta et al. (2015) outlining a study
of a fairly large sample of stroke survi-
vors (n = 132) at about 2 weeks post-
stroke. The vast majority of the lesions
involved white matter, either exclusively
or in addition to the cerebral cortex,
based on high-resolution MRI. Thus,
contrary to the belief that disconnection
syndromes explain only a minority of
post-stroke behavioral deficits, this
report argues that they actually underlie
the great majority. This is consistent not
only with the findings of Dronkers et al.
(2007) on the brains of Broca’s index pa-
tients, but also with other recent work
(e.g., observations that white matter
disconnection is an important mediator
of cognitive impairment following surgi-
cal resections for epilepsy) (Drane et al.,
2015).NeuronThe study of Corbetta et al. (2015)
went well beyond documenting the
topography of stroke lesions. The au-
thors undertook an impressive effort to
assess a range of behavioral domains
and their neural correlates, using sophis-
ticated methods that included principal
component analyses (PCAs) to identify
factors that contributed significantly to
the variance in each domain and the rela-
tionship between domains and ridge
regression to map these behavioral do-
mains onto the underlying neuro-
anatomy. Over three-fourths of the vari-
ance within the motor domain was
explained by two factors associated
with the left and right side of the body;
a factor lateralizing to the left hemisphere
accounted for a similar fraction of the
variance in the language domain. Factors
corresponding to visuospatial and verbal
memory explained about two-thirds of
the variance in the memory domain,
while somewhat less variance was ac-
counted for in the attention domain by
three explanatory factors (contralesional
visual field bias, sustained attention,
and shifting attention). The overall
conclusion from a subsequent step of
across-domain PCA was that the
behavioral deficits produced by strokes
tend to aggregate into a fairly small num-
ber of associated sets. Three global fac-
tors emerged from the across-domain
analyses: one non-lateralized factor
associated with language, verbal mem-
ory, and, less strongly, spatial memory;
a second, right-hemisphere-lateralized
factor linked to left-sided motor perfor-
mance and spatial memory; and a third,
left-hemisphere-lateralized factor that85, March 4, 2015 ª2015 Elsevier Inc. 887
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mance and attention shifting. Ridge
regression revealed that each deficit
was associated with multiple lesion loci,
while lesion location explained higher
variance for some deficits (e.g., left mo-
tor) than others (e.g., spatial memory),
and lesion volume only accounted for a
relatively small amount of variance. Re-
gions associated with a multiplicity of
deficits were mainly subcortical in the
white matter and deep gray nuclei, with
the number of deficits being proportional
to the number of white matter tracts
affected.
Among this interesting constellation of
findings, some are intuitively appealing
while others are not as easy to digest.
For instance, the lateralization of factors
explaining left- and right-sided motor per-
formance seems straightforward. Spatial
memory loaded on two of the factors,
one associated with language and the
other with left motor skill; although the au-
thors did not explicitly consider the
reason, this may be due to the hemi-
spheric dichotomy between categorical
and coordinate spatial processing, the
left hemisphere being more important for
categorical, and the right for coordinate
spatial processing (Kosslyn, 1994).
Conversely, the absence of lateralization
of the language-related global factor is
difficult to understand fully. Indeed, as
discussed above, the within-domain lan-
guage factor was clearly lateralized, sug-
gesting that finer-grain analyses yield
more specific associations. In agreement
with this idea, language production and
comprehension deficits were not sepa-
rated by the language factor on the larger
sample of 124 patients studied in this
domain, while restriction of the analysis
to a subset of aphasic patients, as defined
based on scores at least 2 SD below the
control mean, did tend to separate those
with production and comprehension
problems. Thus, the global factors may
need to be regarded with caution pending
further study, especially since the tests
used for the different functional domains
probably varied somewhat in their
sensitivity.
Additional caveats are also in order.
One is that the study of Corbetta et al.
(2015) focused largely on a population of
stroke survivors as would be admitted to
a standard inpatient rehabilitation unit888 Neuron 85, March 4, 2015 ª2015 Elsevie(i.e., with moderate functional problems
rather than those on milder or more se-
vere ends of the spectrum). Another issue
is the relatively low proportion of patients
with purely cortical lesions. Although the
authors’ analyses suggest that this subset
did not differ from those with subcortical
lesions, this bears further investigation. A
third caveat is that some behavioral do-
mains were omitted, particularly emotion
and other socially relevant domains.
Nevertheless, the authors are to be com-
mended for their open acknowledgment
of these limitations, which do not under-
mine the substantial contribution of their
study. It is clear that further work will be
necessary to resolve many open ques-
tions, but this should be taken as a posi-
tive rather than as a negative, in that this
study will undoubtedly spawn future
inquiry.
What mechanisms might explain the
findings of this study? The authors
consider, and discount, the possibility
that diaschisis could be responsible. Dia-
schisis, a term originally introduced by
von Monakow, refers to remote, circum-
scribed dysfunction triggered by a lesion,
due to removal of inputs normally provided
by connections from the lesioned to the
target region (Carrera and Tononi, 2014).
Corbetta et al. (2015) argue that this is
incompatible with the observed profile of
similar deficits resulting from lesions in var-
ied loci andof different behavioral domains
being associatedwith the sameglobal fac-
tor. While these arguments are merito-
rious, we prefer to reserve judgment on
this conclusion until the relevant neural cir-
cuits are understood in greater depth,
particularly given the possibility that the
global factors might be less robust than
the within-domain factors (see above). In
this context, it is worth noting that patients
with acute, purely subcortical infarcts
(perhaps excluding thalamic infarcts)
rarely show aphasia or neglect unless the
cortex is hypoperfused (Hillis et al.,
2002)—an example of diaschisis. Certainly
the authors’ contention that their observa-
tions are probably based in disruptions of
neural network connectivity makes good
sense, and it fits with the growing recogni-
tion of the brain as a highly distributed sys-
tem of neural networks (Sporns, 2010) and
the increasingemphasisonneurologicdis-
orders as being due to problems of
network function (Stam, 2014). The notionr Inc.of widespread disruptions in network con-
nectivity has been referred to as ‘‘connec-
tional diaschisis,’’ as distinguished from
the classic ‘‘focal diaschisis’’ (Carrera and
Tononi, 2014).
The reduction in this study of structure-
function correlations to just a few sets of
associated deficits is broadly consistent
with some recent factor analyses of the
NIH Stroke Scale (e.g., Zandieh et al.,
2012). It also resonates with everyday
experience on the neurology wards,
clinics, and rehabilitation units, where
the nuances of neuroanatomical peda-
gogy ‘‘stroke by stroke’’ tend to recede
into the background while the foreground
is dominated by a generally common
set of treatment and rehabilitative ap-
proaches. However, this line of thinking
sets up obvious tension with the widely
prevalent concept of variegated stroke
syndromes that behavioral neurology
and neuropsychology have been largely
preoccupied with over the last century.
So, how are these seemingly disparate
viewpoints to be reconciled? It is impor-
tant to appreciate that these apparently
different schools of thought are distin-
guished by complementary approaches
to the same problem: while the classical
approach relied strongly on individual
case studies, many of which were
masterly models of elegance, and studies
of patients with specific functional disor-
ders, the study of Corbetta et al. (2015)
and related approaches focus on what is
common across individuals of the popula-
tion. In our view, both these approaches
will continue to be valuable, and the full
picture will probably require intelligent
fusion of the data emerging from exami-
nation at multiple levels of granularity.
And perhaps to the chagrin of current
trainees, the clinical neurobehavioral
evaluation is not yet slated for demise in
our brave new world.REFERENCES
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In this issue of Neuron, Madisen et al. (2015) report the construction of several new transgenic mouse lines
that apply intersectional genetic tools to achieve high levels of expression and cell-type specificity, providing
a useful resource for future studies.The development of molecular tools to
anatomically map, functionally manipu-
late, and record the activity of genetically
defined subpopulations of neurons has
revolutionized neuroscience (Luo et al.,
2008). It is now possible in a variety of or-
ganisms to deconstruct complex neural
circuits into their constituent components
and to study each part’s anatomy, physi-
ology, and function in isolation. Many neu-
roscientists believe that this reductionist
approach will result in a mechanistic un-
derstanding of how brains compute,
learn, and produce behavior. A necessary
component of this approach is methods
to target the expression of genes encod-
ing these molecular tools to specific
groups of neurons.
The most common method is to inject
viral vectors that encode molecular tools.
In the mouse, this is often used in
conjunction with transgenic lines that ex-
press the site-specific recombinase Cre
in specific cell populations. While offeringhigh-level expression and spatial control,
virally delivered tools suffer from several
problems that can introduce significant
uncontrolled variability into experiments:
it is difficult even with stereotactic surgery
to repeatedly infect exactly the same pop-
ulation of cells; viral titer varies from batch
to batch, affecting the efficacy of infection
and expression; and long-term viral infec-
tion may affect cell health. One solution to
these problems is the use of transgenic
mouse lines that heritably express a mo-
lecular tool in a specific pattern.
The simplest approaches use a geno-
mic locus or promoter to directly express
a molecular tool in a specific spatiotem-
poral pattern as a one-component trans-
genic (Table 1, left). Different approaches
to generating one-component transgenic
lines trade off simplicity for specificity.
The simplest approach uses zygotic pro-
nuclear microinjection of recombinant
DNA that is then randomly integrated
into the genome as a transgene with vari-able copy numbers. The transgene can
contain just a short promoter or enhancer
sequence directly driving a molecular tool
gene or a more complex bacterial artificial
chromosome (BAC) containing a molecu-
lar tool gene embedded in an endogenous
gene’s cis-regulatory elements to better
mimic that gene’s expression pattern
(Gong et al., 2003). The most specific
but also most labor-intensive method re-
produces endogenous expression pat-
terns by knocking the coding sequence
of a molecular tool into single genomic
loci through homologous recombination
in embryonic stem (ES) cells.
One-component approaches suffer
from several drawbacks. A major problem
is the lack of flexibility: a separate mouse
line has to be generated for each combi-
nation of molecular tool and targeted cell
type. In addition, the endogenous cis-reg-
ulatory elements surrounding the trans-
gene have a strong effect on the trans-
gene’s cell-type specificity, regulability,85, March 4, 2015 ª2015 Elsevier Inc. 889
